Commercially managed bees are available for pollination services and are used in large commercial fields, small gardens, or enclosures such as greenhouses and screen houses. This paper describes the current status and agricultural utilization of commercially managed bumblebees as well as bumblebee rearing techniques in Korea. We surveyed the use rate and number of bumblebees for the pollination of 10 major horticultural crops and fruit trees in Korea; in 2009, the use rates were approximately 7.9% and 2.8%, respectively. The use number of bumblebees as pollinators was more than 64,345 colonies, which included 51,400 colonies for 10 major horticultural crops and 12,945 colonies for 10 major fruit trees in 2009. The value of bumblebees as pollinators in 2009 in Korea was estimated at more than 5,100,000,000 won. We also describe feeding, rearing room conditions, colony initiation, mating and diapause breaks to establish year-round mass rearing techniques of the bumblebee Bombus ignitus.
Introduction
Arguably, the most important activity of bees is their pollination of natural vegetation and agricultural plants including fruits, vegetables, seed plants, edible oil crops, garden flowers, fiber crops such as flax and cotton, and major forage crops. Bees are diverse and abundant, with 16,325 identified species throughout the world (Michener, 2000) . However, the true number of bee species is actually unknown because not all have been named and some have yet to be identified or discovered. Insect pollination is both an ecosystem service and a production practice used extensively by farmers all over the world for crop production. We rely on bees to pollinate 87 (or 70%) of the 124 most valuable crops used directly for human consumption (Klein et al., 2007) . In Europe, the production of 84% of crop species depends directly on insect pollinators, especially bees (Williams, 1994) . Worldwide, bees pollinate more than 400 crop species and, in the United States, more than 130 crop species (James and PittsSinger, 2008) .
Pollination is an ecosystem service in that wild pollinators, in particular wild bees, contribute significantly to the pollination of a large array of crops (Morandin and Winston, 2005; Greenleaf and Kremen, 2006; Winfree et al., 2007) . Commercially managed bees are also available for pollination services and are used in large commercial fields, small gardens, or enclosures such as greenhouses and screen houses. Although the general public gives honeybees much of the credit for pollination, managed bumblebees and solitary bees also have a great impact on certain commodities (Free, 1993; Dag and Kammer, 2001 ). Thus, the economic benefit of insect pollination is clear for farmers, and the market for colony rental of honeybees is now well developed and organized in the United States (Sumner and Boriss, 2006) and Europe (Carreck and Williams, 1998) , as well as for bumblebees all over the world (Velthuis and van Doorn, 2006) . For the 100 crops used for human food worldwide, the global economic value of pollination totaled € 153 billion in 2005, or approximately 9.5% of the value of the world agricultural production used for human food (Gallai et al., 2009) .
Here, we discuss the current status and agricultural uti- 
Agricultural utilization of bumblebees in Korea
The introduction of bumblebees into greenhouses for pollination has become widespread in recent years, and demand increases annually. Bumblebees provide farmers the opportunity to decrease their pollination labor costs and promise a good crop yield, both in quantity and in quality (Velthuis and van Doorn, 2006) . Bumblebees are more effective than honeybees in cloudy weather and in small areas, such as greenhouses. Bumblebees also tend to devote themselves mainly to the crops within the greenhouse, whereas honeybees are apt to escape en masse to the outside. Bumblebees are particularly effective at pollinating Solanaceae species, including the tomato and eggplant. Since 1987, bumblebees have been available commercially in portable boxes for crop pollination (Mitsuhata, 2000) . Today, there are over 30 producers worldwide, but most of the market share is captured by 3 companies: Biobest (Belgium), Koppert Biological Systems (Netherlands) and BBB (Bunting Brinkman Bees, Netherlands). The larger companies have rearing facilities not only in their homeland but also in other countries and on other continents, usually under their own name (Velthuis and van Doorn, 2006 (Velthuis and van Doorn, 2006) .
In 1994, 2,300 B. terrestris colonies were first introduced into Korea. We transferred more than 10 patents and 20 bumblebee rearing techniques to farmers for commercial rearing of bumblebees from 2004. Since then, many more producers have started rearing bumblebees commercially. There are over 10 producers in Korea today (e.g., Sesil Corporation, Green-Agrotec Company, Daesan Company, Yaecheon Entomology Institute, Nuribul Company, Boseong-Sujeongbul Company, Jayeon-Sujeongbul Company, Dure-Sujeongbul Company et al.) . The total number of bumblebee colonies produced in 2009 was over 650,000, of which 45,500 colonies (70%) were produced by Korean bumblebee companies and 19,500 colonies were imported from foreign sources (Yoon, H.J., personal communication, 2010) . In 1994, the value of a bumblebee colony was 200,000 won. Now, 15 years later, the value is 75,000 won, which is more than 60% cheaper than in 1994.
In Korea, the rate of the use of bumblebees as pollinators for 10 major horticultural crops averaged 7.9%, which was calculated including paprika (60.9%), tomato (39.7%), pepper (16.2%), zucchini (5.2%) and watermelon (0.4%). Bumblebees were not used as pollinators for yellow melon, strawberry, cucumber, melon or eggplant (Fig. 1) . The number of bumblebee colonies used for 10 horticultural crops in greenhouses was estimated to be 51,400, which included 31,406 for tomatoes, 13,780 for peppers, 3,632 for paprika, 1,352 for zucchini, and 1,230 for watermelon. The number of bumblebee colonies used was estimated to be more than 51,400 (Fig. 2) . We also investigated the role of bumblebees used for 10 major fruit trees. The rate of use of bumblebees for 10 major fruit trees averaged 2.8%, which was calculated including apple (6.1%), plum (0.9%), sweet persimmon (0.5%), and pear (0.1%). There was no use of bumblebees as pollinators for peach, grape, Japanese apricot, citron, kiwi fruit or blueberry (Fig. 3) . The number of colonies used for the 10 major fruit trees was estimated to be 12,945, which included 11,501 for apple, 1,018 for sweet persion, 339 for plum, and 87 for pear (Fig. 4) . The number of bumblebee colonies used for pollination of the 10 major horticultural crops and fruit trees was estimated to be more than 64,345.
Artificial rearing of the bumblebee B. ignitus
The large bumblebee, B. terrestris, which is indigenous to Europe, has been artificially introduced in several parts of the world. Within its distribution area, B. terrestris is represented by approximately 10 subspecies that differ in their coloration (Kruger, 1958) . Colonies of most of the subspecies of B. terrestris have been used outside of their natural distribution area. Colonies of B. terrestris have been imported into many countries, including Korea, Japan, China, Taiwan, Mexico, Chile, Argentina, Uruguay, South Africa, Morocco, and Tunisia (Dafni, 1998) . There has been some anxiety associated with the introduction of B. terrestris into greenhouses because it is highly invasive, could potentially escape from greenhouses, and could have negative effects on native bumblebees through competition (Ono and Wada, 1996; Velthuis and van Doorn, 2006) or genetic contamination by hybridization (Velthuis and van Doorn, 2006) . The competitive displacement of native pollinators and the invasion of native vegetation by B. terrestris have already been recorded in Tasmania (Semmens et al., 1993) . In Israel, the numbers of honeybees and solitary bees have declined with the range expansion of B. terrestris (Dafni and Shimida, 1996) . B. terrestris has also colonized Japan, where it escaped from greenhouses in 1996 after its introduction in 1991 (Washitani, 1998) . For this reason, the governments of Canada and the USA prohibit the introduction of foreign bumblebee species, and at present, a native bumblebee, B. impatiens, is used for commercial pollination in North America (Velthuis and van Doorn, 2006) . In Korea, B. terrestris was first introduced in 1994, and in early May 2002 to 2009, overwintering B. terrestris queens were caught in several regions (Yoon et al., 2009) . In our hybridization studies of B. ignitus and B. terrestris, interspecific hybridization occurred between B. ignitus and B. terrestris, which suggests that the hybridization will have a negative impact on competition and increase genetic pollution among native bumblebees (Yoon et al., 2009) .
We are studying the artificial, year-round mass rearing of B. ignitus because this species showed the best results both in artificial reproduction and in pollinating ability out of seven native Korean bumblebees (Yoon et al., 1999 (Yoon et al., , 2004a . We describe the year-round mass rearing of B. ignitus for the pollination of greenhouse plants.
Feeding
In artificial mass-rearing of bumblebees, all previous investigators have used pollen and honey obtained from honeybee hives (Griffin et al., 1991; Tasei and Aupinel, 1994; Ono et al., 1994b; Hannan et al., 1998) , though the supplying method varied somewhat among various experiments. We investigated the effect of different concentrations of sugar solution and the addition of antiseptic to the solution on oviposition and colony development of B. ignitus. The rates of oviposition, colony foundation and progeny-queen production of B. ignitus were 1.2 -3.0 fold higher in those receiving a 40% sugar solution than in those receiving a 50% sugar solution. The rates of oviposition, colony foundation and progeny-queen production were 1.1-2.6 fold higher in those receiving a 40% sugar solution combined with 0.3% sorbic acid as an antiseptic than in those receiving only a 40% sugar solution. Further, the death rate within one month was 1.7 fold lower in those receiving a 40% sugar solution combined with 0.3% sorbic acid than in those receiving a 40% sugar solution alone. Therefore, the 40% sugar solution was more effective than the 50% sugar solution, and the 40% sugar solution combined with antiseptic was the most effective for colony development and mass rearing of bumblebees (Yoon et al., 2005b) . For the types of pollen, oviposition and colony development of B. ignitus were not affected by fresh-freezing or dry-freezing pollen. This result indicates that dried pollen, which is dried in the shade for 5-6 days, is a viable commercial pollen for bumblebee reproduction (Yoon et al., 2005a) . Therefore, a 40% sugar solution with 0.3% sorbic acid and fresh, blended pollen were used as food for B. ignitus (Yoon et al., , 2005b (Yoon et al., , 2005a .
For bumblebees, pollen is considered to be a non-energetic resource that primarily provides proteins for female egg production and/or larval growth (Plowright and Pendrel, 1977) . Proteins are required for oogenesis in B. terrestris workers and influence adult size (Duchâteau and Velthuis, 1989; Sutcliffe and Plowright, 1988) . Ribeiro et al. (1996) found that drying pollen, which is assumed to modify some amino acids, lipids, or vitamins of the pollen, affected the reproductive capacities of B. terrestris queens. However, the degree of impairment depends mainly on the drying methods (Groot, 1953) . For this reason, it is recommended that the temperature during the drying process should not exceed 45 ο C and that the moisture should be removed gradually (Chambers, 1990) . We found that the success in rearing bumblebees is better with pollen containing a high protein content (e.g., from Brassica and Prunus) than with pollen from other plant species (e.g., Helianthus and Taraxacum). However, lower rearing success could be caused by a deficiency in other components, such as an essential amino acid or a vitamin, instead of the low protein content that characterizes some insect-pollinated and many wind-pollinated plants (Stanley and Linskens, 1974; Schmidt et al., 1987; Day et al., 1990; Regali and Rasmont, 1985; Roulston and Cane, 2000; Aupinel et al., 2001; Génissel et al., 2002) .
Conditions in the rearing room
The optimum temperature and humidity for the indoorrearing of B. ignitus were investigated. The experimental temperature and humidity conditions tested were 23 . Diapause in insects is usually affected by the photoperiod (Danilevskii, 1965) . Because oviposition in the bumblebee is also related to adult diapause, the possibility must be allowed that the photoperiod affects the oviposition of the queen and further development of colony. The bumblebee is generally reared in dark conditions (Plowright and Jay, 1966; Heemert et al., 1990; Asada and Ono, 2000) . However, Tasei and Aupinel (1994) tested different photoperiodic regimens and found that, for colony initiation, a daily period of eight hours produced the best results.
Colony initiation
We investigated whether or not helpers, such as worker bees, bee-cocoons and egg-cups, affect oviposition and colony foundation by the queen bumblebee in B. ignitus to stimulate colony initiation. Among the helpers tested, callow workers of B. ignitus and B. terrestris showed the most substantial effects on the rates of oviposition: 92% and 88%, respectively. A narcotized old worker, aged 10 days after emergence, showed similar effects to a callow worker on colony development. For the number of workers recruited to a foundation queen, two workers showed a better effect than one worker on colony development . Several starting methods such as adding a male B. terrestris pupa, young honeybees and bumblebee workers, a combination of B. terrestris workers and single pupa are used to stimulate colony ini-tiation. Ptacek (1985 Ptacek ( , 1991 and Eijnde et al. (1991) used honeybee workers instead of bumblebee workers and obtained good results in B. terrestris with this method. Ono et al. (1994) used workers of B. terrestris to stimulate the queens of the closely related B. hypocrita. Gretenkord and Drescher (1997) compared several stimulating methods and found that a combination of B. terrestris workers and larvae was the most successful method for stimulating B. terrestris queens.
We also investigated whether the developmental characteristics of B. ignitus foundation queens would be affected by the first oviposition day. The results revealed that a queen with an early first oviposition day could make a stronger colony and could make the colony formation period shorter; therefore, the timing of the first oviposition day of foundation queens was shown to be a criterion for the selection of supercolonies when B. ignitus is raised indoors. In this study, the colony development of queens that laid eggs within 20 days was better than those of queens that oviposited after 20 days. Given these results, discarding queens that oviposit after 20-40 days seems to be economic in year-round mass rearing of bumblebees (Yoon et al., 2004a) . Duchateau (1991) reported that failure of the foundress queen in first-brood rearing seemed to influence further colony development. The queens of artificially hibernated B. terrestris that oviposited after 40 days in indoor-rearing are regarded as non-diapausing (Beekman et al., 1996) .
Mating
We investigated the following mating conditions to improve the mating rate of B. ignitus: mating time, photoperiod, illumination, and temperature during mating periods; care temperature of the queen before mating; mating period; and the number of queens per mating cage. Mating of a five-day-old virgin queen and a ten-day-old male usually lasts, on average, 23 minutes (range 10-38 min) (Yoon et al., 1999) . Among photoperiodic regimes of 12 L (light for 12 hrs per day), 14 L (light for 14 hrs per day) and 16 L (light for 16 hrs per day) during mating periods, queens mated at 14 L (light for 14 hrs per day) showed better results than at 12 L and 16 L for egglaying characteristics and colony development. An intensity of 1000 lux was more effective than an intensity of 100 ux or 2000 lux in mating B. ignitus queens. The most favorable mating and care temperatures for B. ignitus queens before mating were 22-25 o C and 19 o C, respectively. The period needed to mate a B. ignitus queen was 3 days, and the number of queens suitable per mating cage of 55 × 45 × 65 cm was 30 (Yoon et al., 2007) . Ono (1997) reported that the mating efficiency of B. ignitus, B. hypocrita hypocrita and B. h. sapporoensis was increased by controlling the light-dark condition (2L-22D) and temperature (22 ο C at L, 17 ο C at D) using a low-temperature incubator. Like most Western bumblebees, B. terrestris queens become receptive at 6 days of age, whereas most males begin responding to queens at about 10 days of age (Duchateau, 1985; Tasei et al., 1998; Ptacek, 2000) . Mating lasts at least half an hour in B. terrestris and a number of other species (Röseler, 1973; Duvoisin et al., 1999; Brown et al., 2002) . B. terrestris was mated in a copulation room maintained at 20 ο C and 70% R.H. with a light intensity of 2000 lux from a halogen lamp (Djegham et al., 1994) . Generally, the European bumblebee, B. terrestris, was mated during a 7 day period (Djegham et al., 1994; Tasei et al., 1998) .
Methods for breaking diapauses
The effect of CO 2 -treatment on interrupting diapause in B. ignitus was examined for its potential to provide a means for year-round rearing of the bumblebee. When young mated queens were exposed to 65% or 99% CO 2 for 30 min daily for two consecutive days, the oviposition rate increased to 75% and 77%, respectively. At the same time, the days needed before first oviposition shortened to 17-18 days in CO 2 -treated queens, compared to 30 days in CO 2 -untreated queens. CO 2 -treatment on the second day after mating was favorable for oviposition and colony development. CO 2 -treatment showed a positive effect on oviposition and colony development, but CO 2 -treated queens still produced fewer progeny than over-wintered queens . Röseler (1985) reported that CO 2 narcosis time is one day after mating and that CO 2 -treated queens became very active and flew in the gauze cage. According to Tasei (1994) , the timing of CO 2 narcosis after mating did not affect the delay of egg-laying within the range of 5-30 days. For B. hypocrita and B. ignitus, the timing of CO 2 narcosis is 2-4 days after mating (Ono, 1997) . In terms of the physiological effects of CO 2 narcosis, Röseler and Röseler (1984) demonstrated that narcotizing prediapausing queens with carbon dioxide (a 30 min narcosis repeated twice) inhibited the formation of fat reserves, increased the amount of juvenile hormone in vitro, and induced oogenesis.
Artificial hibernation is essential for year-round rearing of B. ignitus, which undergoes one generation per year. It is known that maintaining the queens at a low temperature for two or three months is an effective way to terminate their diapause and develop the colony. Temperature, time and surroundings for the queens during artificial hibernation were investigated. Among the tested temperatures (−2. o C, at which the survival rate after chilling of the queens was high and colony development thereafter was enhanced. The proper time to initiate chilling of the queen was 10 to 14 days after adult eclosion, and the survival of the queens after chilling was good. For the surroundings of the queen during artificial hibernation, we proposed the method of preserving them in a bottle filled with perlite and keeping it at approximately 80% R.H (Yoon, 2003) . In year-round rearing of bumblebees, one of the key stages is diapause break. To break diapause, several authors have tried to induce hibernation of bumblebee queens under controlled conditions, despite the long ovarian diapause in bumblebees. Hoem (1972) maintained hibernating B. terrestris queens in mounds of soil in unheated greenhouses or in plastic containers with perlite as bedding; bees were then placed into a refrigerator at 4 -5 o C for 8-9 months. Asada (2004) reported that chilling in a refrigerator at 5 o C for 4 months was effective at inducing nest initiation by B. h. hypocrita queens. Beekman et al. (1998) showed that weight prior to entering diapause has an important effect on the diapause survival of bumblebee queens: queens with a wet weight below 0.6 g were unable to survive diapause, irrespective of diapause length.
We investigated whether or not flight has any effect on oviposition and colony development of the artificially hibernated B. terrestris queen and CO 2 -treated queen. Flight periods were defined as 0 days (control), 1 day, 3 days or 6 days. The weights of queens after flight were 1.5-8.9% lower than those before flight depending on the flight periods. Oviposition and colony development of artificially hibernated and CO 2 -treated B. terrestris queens were affected by the flight. Among the flight periods tested, in particular, the queens that flew for 3 days had better colony development, rate of colony foundation, rate of progeny-queen production, and the number of workers and queens produced. However, for queens hibernated artificially and CO 2 -treated, the longer the flight periods (i.e., 6 days of flight), the worse the oviposition and colony development were (Yoon et al., 2004b) . Social bees and wasps are also able to use the heat produced in their flight muscles for brood incubation and for active regulation of nest temperatures (Heinrich, 1974; Seeley and Heinrich, 1981; Schltze-Motel, 1991) . Beekmen et al. (1996) reported that after diapause was terminated, B. terrestris queens were kept in the mating cage for one week, after which they were moved to small boxes. As the above results show, we established a year-round rearing system for the bumblebee B. ignitus (Fig. 5) .
Conclusion
Bees are vital to the well-being of humans. Products from pollinated plants, including fruits, vegetables, and seed crops, feed not only people but also livestock. Commercial bees, including bumblebees, honeybees and several nonsocial bees, provide farmers the opportunity to decrease their pollination labor costs and promise a good crop yield, both in quantity and in quality. However, managing bees can be problematic due to the dynamics of rearing organisms in close proximity and in controlled situations. We are pursuing a better understanding of the domestic management of bees because disease epidemics can devastate or impair the production of commercial pollinators. The extent of our reliance on these species for pollination services is risky. Therefore, we must also concern ourselves with research on the conservation and enhancement of populations of wild pollinators to protect the stands of native flora located in the vicinity of crops that are pollinated by commercial bees.
